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THE NUMERICAL EVALUATION OF JET IMPINGEMENT
EFFECTIVENESS IN A CONFINED CAVITY

SUMMARY

There are many studies released about small air jet impingement in today’s world
and the number of studies and usage areas have been increasing in this direction day
by day. Because the size of design of applications are becoming smaller due to
ergonomic requirements.

There are widely small jet usage area available in the industry in connection with
their mass and heat transfer capability and being package friendly. To mention about
where they are used; they can be collected under three title. They are drying, cooling
and heating. The most common area is the area which is using cooling ability of jet
nozzle. In this direction, cooling ability can be divided into two topics as protection
and production skill. For example, internal combustion engines, jet engines and some
applications in heavy industry (CNC turning, milling etc.), electronic systems require
efficient cooling systems to reach better performance and prevent hardware failure.
These usage areas use protection skills of jet nozzle. To give an example, obtaining
tempered glass method is populer in using production method of jet nozzle. Because,
the procedure of production of tempered glass need quick cooling after it gets its
melting temperature. The jet nozzle is used due to its heating ability as well. Some
products are desired high temperature to stay healthy. However, the storage areas of
the products may not have the necessities about temperature. For this reason, jet
nozzle heating method is finding a solution to avoid it.

Associated with ever growing usage areas of jet nozzle, the design of jet nozzle is
becoming important role to get higher effectiveness. The unconscious applications
can cause cost and efficiency reduction. In this study, the best design schematic is
being tried to find to prevent it.

This study is related to time dependance heat transfer characteristics of small jet
impingement under variety condition of flow type, the distance between the jet and
the bottom wall, the inclination of bottom wall and the blockage effect on the way of
flow line on the bottom cavity (293°K). To mention in details with pointing out using
air as refrigerant, the first factor is flow characteristic related different Reynolds
number (Re) changes in two values of 3,300 to 6,600 which are affected directly
from diameter, inlet velocity of circular jet nozzle and kinematic viscosity of air in
this inlet temperature (283°K). The second one is to see effect of distance between
circular jet and the bottom wall (H) and constant nozzle diameter with 10 mm (D)
(H/D) as three different ratio of 1, 5, 10. The third one is the tilt angle of bottom wall
which is nearly the first contact with the jet flow with variance of 0, 10 and 20
degrees. The last one is using circular blockage over flow area. Unstructured and
structured mesh type are used by looking inclination availability. If the geometry has
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zero inclination, structured and quadriteral mesh is used. Otherwise, unstructured and
triangle mesh is applied at inclined zones. Standart wall function k-e turbulent model
is performed all of the simulations. For the validation, standart wall function k-e,
realizable k-e and SST k-w turbulent model are compared with one simulation. It is
seen that the results are close to each other so it is not problem to continue with
standart wall function k-e turbulent model. Lastly, the solution is run by using 2-D
and transient method.

Totally there are about twenty configurations simulated in the study by changing
inputs which have mentioned before. As a consequence of these tests, the first
deduction is to impinge the air with as fast as possible to the taget surface since the
heat transfer on the surface has directly relationship with Reynolds number namely
inlet velocity. Another method of getting increased Reynolds number might be widen
diameter of jet nozzle. It also causes efficient heat transfer. The second deduction is
to pull the jet nozzle over the surface which is desired to cool, in another saying
reduce the distance between the jet nozzle and the effected plate since the effect of
air has improved in this case. The third inference is applying inclination has poor
effect on the heat transfer between air exit from jet nozzle and the target plate due to
nonuniform flow distribution. All these inputs lead quick cooling as well besides
increased cooling profile. The last inference is setting blockage on the flow line can
be used for increasing head transfer capability but it does not work for increasing
cooling acceleration.

In conclusion, the lower distance between target plate and jet nozzle, the more
Reynolds number, the less inclination and using blockage on the flow line is the best
configuration to increase cooling and heat transfer capacity on the confined cavity.
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DUVARLA SINIRLANDIRILMIS BiR KAVITEDE JET CARPTIRMALI
SOGUTMA ETKENLIGININ SAYISAL OLARAK iINCELENMESI

OZET

Giliniimiiz diinyasinda kii¢iik boyutlarda jetin ¢arptirmali sogutma etkinligi iizerine
bir¢ok calisma yapilmaktadir. Mevcudiyette olan ¢alismalarin yaninda da bu konu
tizerindeki gerek calisma gerekse de kullanim alani olarak yogunlagma giinden giine
artmaktadir. Bunun altinda giiniimiizde kullanilan uygulamalarin dizayninin
ergonomi arttirimi kapsaminda gittikce kiigiildiigli gergegi yatmaktadir.

Girig paragrafinda da bahsedildigi lizere giiniimiiz endiistrisinde kii¢iik boyutlarda jet
carptirmali sogutma uygulamasinin yiiksek kiitle ve 1s1 transferi kapasitesi ve kiigiik
uygulamalara yatkinligindan 6tiirii genis bir kullanim alan1 mevcuttur.

Bu alanlarin nereleri oldugundan bahsedecek olursak; kullanim alanlar1 kurutma,
sogutma ve 1sitma olmak iizere ii¢ ana baslikta toplanabilir. Bu alanlar i¢inden en
yaygin olant ise hi¢ kuskusuz jet akis1 sogutma kabiliyetinden otiirii kullanan
alanlardir. Sogutma kabiliyeti de kullanim yerine gore kendi iginde koruma ve iiretim
alanlar1 olarak ikiye ayrilmaktadir.

Ornek olarak, ¢ok yiiksek sicakliklarda calisan icten yanmali, jet motorlari, agir
sanayideki bazi uygulamalar (torna,freze vs.), elektronik sistemler daha yiiksek
performanslara erisebilmek ve olustugu parcalarin dayanim limitleri i¢in etkili bir
sogutma sistemine ihtiya¢ duymaktadir. Bu uygulamalar jet sogutmanin koruma
alanlarindandir.

Jet sogutmanin tretim teknolojilerinde kullanilma alanina donersek, temperli cam,
camin ergime sicakligina kadar 1sitilip ani olarak sogutulmasi ile elde edilmektedir
buradaki hizli ve etkili sogutma, jetin sogutma kabiliyeti ile yapilmaktadir. Yani jet
hizli sogutmaya sebep olarak iiretim tekniginde bir adim olmaktadir. Jet akisin
sogutma oOzelliginin yaninda birka¢ alanda da 1sitma kabiliyetinden de
yararlanilmaktadir.

Bir o6rnek olarak, bazi iiriinlerin saklandiklar1 depolarda saglikli kalabilmesi i¢in
gerekli olan minimum sicaklik limitinin altina diistiikleri, bunun 6niine gegmek igin
de ¢ozliim Onerisi olarak jet akislarin belirlenen mimimum sicakliklarda devreye
girerek Uriinlerin sicakliklarini ytlikseltmesi gosterilebilir.

Jet sogutma uygulamalariin revagta oldugu ile baglantili olarak, jetin hangi sartlar
altinda en 1iyi sogutmayi yapabilecegi iizerine dizayn caligmalari da Onem
kazanmistir. Bilingsiz sekilde yapilan dizaynlar ve uygulamalar hem ticret hem de
verim kaybina yol agmaktadir. Bu gibi durumlar1 énlemek icin bu ¢alismada en iyi
jet sogutma kosullarini ve dizayn semasini anlatilmistir.

Bu calismada kiiclik boyutlardaki jetin ¢arptirmali sogutma uygulamasinin hedef
plaka tlizerindeki zamana bagli 1s1 transfer karakteristigi incelenmektedir. Calismada
hava sogutmas1 kullanilmig olup havanin jete giris sicakligi sabit 283°K alimustir.
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Bunun yaninda sogutmanin istendigi hedef plakanin sicakligi da baslangic kosulu
olarak 293°K kabul edilmistir.

Is1 transfer karakteristigi saptanmasi kapsaminda akis tiirii, jet ile hedef tabaka arasi
uzaklik, hedef tabakanin egimi ve akis jetten ¢ikis yaptiktan sonraki dogrultusuna
engel konulmasi olarak dort baslik altinda ¢aligmalar yapilmistir.

Bu basliklarin detayina inersek, incelenen ilk faktor 3,3300 ve 6,660 olarak
hesaplanan Reynolds sayisi ile elde ettigimiz akis karakteristigi etkisidir. Bilindigi
gibi Reynolds sayis1 akiskanin jete giris hizi, akigkanin girdigi kesitin ¢ap degeri ve
akigkanin giris sicakligindaki kinematik akmazlik degeri ile dogrudan ilgilidir.

Bu ¢alismada Reynolds sayisinin degeri enjektore giren havanin sabit sicaklik ve cap
degeri oldugundan otilirii havanin giris hizinin degismesi (5-10 m/s) ile farklilik
gostermektedir.

Ikinci faktor, dairesel jet ile hedef plaka arasindaki uzakligin (H), havanin girdigi
enjektor ¢apina (D) oran1 (H/D) yani dolayli olarak jet ile hedef plaka arasindaki
uzaklik etkisidir. Sabit enjektér c¢apinda (10 mm), jetin plakaya uzaklig
degistirilerek (10,50,100 mm) {i¢ farkli oran (1,5,10) incelenmistir.

Ucgiincii faktor olarak sogutulmasini istedigimiz hedef plakanin egiminin (0°,10°,20°)
sogutma profiline etkisi gdzlenmistir.

Son olarak incelenen konu ise akis iizerine yerlestirilen bir engelin hedef plaka
sogutma profili lizerine etkisi olmustur.

Calismada kullanilan mesh tiplerine deginirsek, yapisal ve yapisal olmayan olmak
iizere iki farkli mesh tiri kullamilmistir. Egim olmayan geometrilerde diizenli
oldugundan o6tiirli yapisal ve kare mesh kullanilirken egimli geometrilerde diizensiz
olan egimli kisimlar yapisal olmayan ve ilicgen mesh uygulamasina tabii tutulmustur.
Uygun mesh sonrasi tiim simulasyonlarda standart duvar fonksiyonu k-e tiirbiilans
modeli kullanilmistir.

Uygun modelin kullanilip kullanilmadig1 dogrulamasi i¢in standart duvar fonksiyonu
k-e, gergeklenir k-e, kayma gerilmesi k-w tiirbiilans modelleri ile bir uygulamada
karsilagtirma yapilmis ve ¢ikan sonuglar arasinda kiiciik farklarin oldugu
goriilmistlir. Bundan dolay1 standart duvar fonksiyonu ile ¢6ziime devam edilmistir.
Ayrica tiim simulasyonlar iki boyutlu ve zamana bagli olarak ¢6ziilmiistiir.

(Coziim i¢in gerekli kosullar saglandiktan sonra bahsettigimiz etkenler degistirilerek
toplamda yirmi civarinda dizayn konfigurasyonu kosulmustur. Bu testlerin sonucuna
gore bazi ¢ikarimlar edinilmistir.

Ik ¢ikarim, Reynolds sayisinin artmasi, hedef plaka soguma profili iizerinde olumlu
etki gostermistir. Bu sebepten yola cikarak daha soguk bir tabaka icin Reynolds
sayisin arttiracak biitlin aksiyonlar yani jet enjektoriine giren havanin hizinin ve
havanin girdigi enjektor ¢apinin arttirilmast 6rnek olarak uygulanmalidir. Reynolds
sayist ile 1s1 gecisi kapasitesi dogru orantili oldugundan bu sonug olagandir.

Ikinci ¢ikarim, jetin sogutulmasi istenen hedef plakaya yaklastirilmasi diger bir
deyisle jet ile hedef plaka arasindaki mesafenin azalmasi hedef plakanin daha soguk
sicakliklara gelmesine sebep olmustur. Bundan ve akisin ¢arpan etkisinin fazla
olmasindan dolayr jetin hedef tabakaya olabildigince yakinlastirilmasi sogutma
verimini yukariya ¢ikaracaktir.
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Ugiincii ¢ikarim ise jetin sogutma etki performansinin egimli yiizeylerde daha zayif
oldugudur. Bunun nedeni, akisin diizgiin dagilmamasindan dolay1 jet cikisindaki
hava ile hedef plaka arasindaki 1s1 transferinin kotii olmasidir.

Bu dogrultuda ek olarak egimli yiizeylerdeki egime bagl basing ve sicaklik dagilimi
da ayrica incelenmistir. Bahsettigimiz sogutma profilini iyilestiren {i¢ etken ayni
zamanda hizli soguma zamanlamasi performanlarimi da daha iyi noktalara
getirmektedir.

Son etki olarak incelenen akis yoniine engel konulmasi da sogutma profiline olumlu
katki yapmistir. Bu katkinin aksine yontemin, sogutma zamanlamasi olarak engel
akisin dogrudan etkisine kotii yonde etki ettigi icin uygun olmadig1 gériismiistiir.

Sonug olarak, jet ile hedef plaka arasindaki mesafenin olabildigince kisaltilmasi yani
jetin hedef plakaya yakin etki ettirilmesi, akisin Reynolds sayisini arttrici aksiyonlar
alinmasi, sogutulacak hedef plakanin egimli olmamas1 ve akis yoniine konulacak
engel sogutma konfigurasyonu olarak en uygun se¢im olarak belirlenmistir.

Yapilacak dizaynlarin ve ortam sartlarinin bu dogrultuda se¢ilmesi hem maliyet hem
de verime olumlu katkida bulunacaktir.
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1. INTRODUCTION

There are commonly usage areas available and used for small jet jets due to their
much higher local mass and heat exchange coefficients in many industries. For the
sake of example, the applications can be sorted in three main topics. Drying, cooling
and heating are most common using area of jet impingement heat transfer. Small jet
flows are employed in a widely areas for example surface area cleaning, cooling
procedure of electronic devices due to meet the required performance, shaping and
cutting of metal parts, cooling and lubricating of having high speed turbine and
compressor blades and surface of combustion chamber, diesel engine cylinder head
and base angine cooling , drying of textiles, cooling of fast food industry, paper
cooling etc.

First of all, such as the forming of metal industry and nuclear plants which need at
least 800-1000°C temperature for starting process, cooling of hot surfaces has vital
requirement to continue the process without failure. Generally jet impingement
cooling is preferred as it is easy to apply and classical [5]. In order to increase the
turbine efficiency and power, operating higher temperature is required for modern
gas turbine systems to better performance but in one hand while turbine desires
higher temperature, it can be destructive by exceeding the material hardware
temperature limit for the turbine parts such as blades, miles etc. Therefore, to get
better performance through heat operation in the chamber, usage of improved
cooling technologies is essential. Jet impingement cooling is one of the best effective

techniques around improved cooling technologies [8].

The other application used small jet is glass tempering process. In these area, to
provide more strength the ultra thin glass must be tempered. In the course of the
tempering process, heating the glass until its melting temperature is first procedure
and then applied quenching process which means very high pressure cooling to
provide strength named tempered glass by using cooling time differences between
inner and outer surface of glass. Quick cooling provides faster cooling performance

for the outer surface of the glass than the center. As the center of the glass cools, it



tries to pull back from the outer surfaces. As a result, the center remains in tension,
and the outer surfaces go into compression, which gives tempered glass its strength.
Jet impingement is used for sudden cooling of thin glass which needs shorter cooling

time and faster surface cooling during the glass tempering [3].

One of the usage areas for jet impingement is food engineering process. Food
engineering process means analysing of procedures, quality conditions and process
of producing plant level. The most serious investigation area of food engineering is
treatment of lower temperature during pre-storage in the protected areas. To prevent
low temperature problem, jet impingement cooling by air can be seen traditional

cooling method even if lower Reynolds which is close to transient side [2].

As seen above mentioned studies, there are different widely usage areas available for
the jet cooling impingement system. Impinging jets are well recognised as most

efficient way to make easier process.

The purpose of this study is to investigate the effects of factors which influence
cooling performance of jet impingement system in four main topics to specify the
best and efficient approach. The flow type which is obtained from different inlet
velocity of jet, the distance between the bottom surface wall and jet flow outlet,
bottom surface inclination and obstacle on the way of jet flow. Transient effect of jet
implecement, it is useful to examine the transient heat transfer characteristics of air
impinging jets under conditions of between small jet plate distances and low

temperature differences between the inlet and plate.

The inspected study is conducted with different Reynolds number (Re) changes
from 3,000 to 6,000 which is connected with different inlet velocity of small jet 5
and 10 m/s in constant 10 mm circular diameter of small jet. The flows are accepted
in turbulent class in reference to the Reynold numbers and taken an action
accordingly. The ratio of the distance between outlet of circular jet and the bottom
wall (H) and nozzle diameter with 10 mm (D) (H/D) differs in three class as 1 & 5
&10.

Bottom surface inclination which is thought having an important role for the cooling
consist of no slope & 10° & 20°. Apart from these, circular blockage effect on the
flow line is investigated. In additon to that, the meaning of the symbols used for the
study are seen as below Table 1.1.



Table 1.1 : The most using symbols in the study [18].

Symbols Descriptions
D Nozzle diameter (mm)
distance between outlet of
H circular jet and the bottom
wall (mm)
V . .
inlet velocity (m/s)
o inclination of bottom wall (°)







2. LITERATURE SURVEY

Small jet impingement flow supply one of the most influential ways to interchange
heating energy with convection between the wall and air while air phase condition is
steady and the same. Therefore, small jet impingement is still demanded and has
widely use at industrial applications. As a result of this demand, small jet
Impingement is getting more and more attractive topic from academic world. In other
words, there are many studies available about small jet impingement usage areas
existingly and is still worked on it. In this chapter, some studies about jet
impingement will be examined from the point of usage areas & methods &

methodology.

The first usage area mentioned this chapter is at industrial glass tempering unit. In
these area, to provide more strength the ultra thin glass must be tempered. In the
course of the tempering process, heating the glass until its melting temperature is
first procedure and then applied quenching process which means very high pressure
cooling to provide strength named tempered glass by using cooling time differences
between inner and outer surface of glass [3]. Quick cooling provides faster cooling
performance for the outer surface of the glass than the center. As the center of the
glass cools, it tries to pull back from the outer surfaces. As a result, the center
remains in tension, and the outer surfaces go into compression, which gives tempered
glass its strength. Jet impingement is used for sudden cooling of thin glass which

needs shorter cooling time and faster surface cooling during the glass tempering [10].

In the study of heat transfer and flow characteristics of the cooling system of an
industrial glass tempering unit, the aim of the this paper is to simulate the heating
process of the glass from beginning to tempered phase in reference to current
industrial applications. As difficulty of the prepare set up and replicate the heating &
cooling process like real word, computational fluid dynamics (CFD) is applied for
the study. The results taken by ANSYS are compared with experimental data studied.
Experimental scheme of the study (Figure 2.1) have nozzle rows which are on the

production of glass area and interconnected with air compressed hoses that supply



5000 & 20000 m?3/h air flow and 10 & 60 hPa. Glass forming is main factor to decide

how many nozzle raws should be aligned.

The nozzles have 225 mm height, 1422 mm length, 100 mm width as it can be seen
in Figure 2.2 and connected to compression chamber with 140 mm diameter hoses.
The air from nozzles passes directly a 55 of 5.5 mm diameter & 18 mm pitch holes.
The distance between rows is 25 mm. There is 50 mm distance between the nozzle
and the square glass and the ratio of this distance and nozzle diameter is H/D = 9.1.

The system of cooling can be seen from Figure 2.3. [10]

©O'O®®® chamber

Flexible
air hoses

Nozzle
3/ rows

a

Figure 2.2 : The jet nozzles [10].



Figure 2.3 : The cooling system of tempered glass [10].

In numerical method, the six nozzles are accepted the same and the effect of gravity

is neglected. The glass is also homogeneous. The flow consists of two regions as
uniformity and tempering zone.

The Navier-Stokes equations with Reynolds averaged are calculated with second-
order upwind solution for central differencing for diffusion finite element method.

Sutherland’s law is also used as below 2.1.

T,+S
— _— \1/2” @ " 7
w(T) = ua( ) T+S (2.1)
S= 110K
T, = 298K

H, = 1.85x107° kg/ms

For H/D = 2, the RNG and standard k-e model is very close to experimantal data
while for H/D=6, the results show that RNG k-e model is much more applicable so it
is used for all calculations as the ratio is 9.1. The comparison can be seen from below

figure 2.4.
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Figure 2.4 : Turbulent model comparison for different H/D ratio [10].

The nozzle grid is totally unstructured and there are about about 3,150,000
tetrahedral cells numerical grid. As shown in Figure 2.5, grid density is used much

more than the other locations.

The other mesh surface discretisation is essential to understand that the tetrahedral
cells are within the 50 < y+ < 150.
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Figure 2.5 : Nozzle mesh distribution [10].



The cooling flow field is both structured and unstructured domain as glass plate is
not complicated and around jet holes and nozzles, the regions are getting more
complex. There are about about 1,500,000 tetrahedral cells numerical grid with 0.1 to
30.1 mm? as shown in Figure 2.6, grid density is used much more than the other
locations. The other mesh surface discretisation is essential to understand that the

tetrahedral cells are within the 5< y+ < 41.

Figure 2.6 : Grid density [10].

As a result of selection of mesh type and turbulent model, the results are obtained.
The transient temperature is solved about 90 s and it is compared with pyrometer
measurement near nozzle set. The range of coeffients of heat transfer is between 150
and 250 W/ m? K. The results show that the least deviation between calculated and
measured data is at 210 W/ m? K. At this point, the maximum relative error is about
4% while average on is 2% as Figure 2.7.
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Figure 2.7 : Relative error comparison in terms of time [10].



This study provides a deep insight in the nozzles design and tempering zone

importance for improvement of air flow to get better heat transfer to glass surface
[3].

Another study about tempered process is transient heat transfer characteristics of
small jet impingement on high-temperature flat plate [18]. The aim of this study is
examinate the characteristics of heat transfer of small jet impingement when the
distance between plate and jet is small and the difference between them is higher.
The geometry consists of two components; circular tube and glass plate as seen
Figure 2.8. The air passes from circular tube which is thought that has better heat
transfer efficiency with 5 mm diameter and 6 mm height. The air strike directly to
glass plate with 50 mm length & width and 2 mm thickness. The initial temperature
of glass plate is 953 K while air is 298 K. and the flow is accepted three dimensionel,
turbulent and incompressible and radiation effect is neglected. All walls are assumed

adiabatic and air outlet boundary is determined pressure outlet like ambient pressure.

N
Impmgementwalb Pressu C-outlet.

Figure 2.8 : The geometry of study [18].

The structural mesh is applied to get better grid quality near wall and target plate
which the temperature gradients and flow are higher than others in. In addition to
this, exemplary grid is also used where the distance with the jet and plate is 2 mm
and as a result of grid independence analysis, 478,950 grid numbers of node is used
in the following simulations as the reference of Figure 2.9.
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Figure 2.9 : The mesh plate and grid independence [18].

For turbulent model selection, the model with 30,000 Re, 8 mm diameter and 1 mm

distance between flat and nozzle is selected.

In the study the experimental data is compared with turbulent models during 45 s
cooling time of surface temperature in Figure 2.10. As a result of data, SST k-w
turbulence model is accepted for the simulations as it simulates better than the others

as a reference of experimentel data.
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Figure 2.10 : Turbulent model comparison [18].
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As a result of selection of mesh type and turbulent model, the results are obtained
again[13]. The flat temperature is allowed to quench until 473 K. As shown from
Figure 2.11 quenching time is decreased when the inlet velocity in other words

reynolds number is increased under constant H/D values.

The other inference from Figure 2.11 is the quenching time with small H/D ratio is
more than the bigger H/D set up. Furthermore, quenching times according to
different H/D is less when the Reynolds is increased.
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Figure 2.11 : Cooling time differences in terms of Re [18].

The other important result is temperature distribution form as it is significant to get
better tempering glass. The temperature should be uniform to meet better tempered
glass. From the point of Figure 2.12. It is seen that AT which is difference between
stagnation and boundary point is increased first and after that decreased to quenching
point. AT differs when H/D<1 from H/D>1. When the value of H/D increased, the
temperature gradient is getting smaller. The heat transfer under transient case
increases while Reynolds number is getting bigger.
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Figure 2.12 : Comparison of temperature gradient in terms of Re [18].
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One of the study about jet impingement is food engineering process [2]. Food
engineering process means analysing of procedures, quality conditions and process
of producing plant level. The most serious investigation area of food engineering is
treatment of lower temperature during pre-storage in the protected areas. To prevent
low temperature problem, jet impingement cooling by air can be seen traditional
cooling method even if lower Reynolds which is close to transient side. In this study,
effective cooling heat transfer problems are examined in the industrial area. The
turbulent flow with 23,000 Re is applied from 30 mm nozzle to 12 cm distance. The
flow is incompressible and two dimensional. The impinged part has 3.5 cm diameter

as Figure 2.13.
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Figure 2.13 : The geometry of the study [2].

To allow better solution about pressure, temperature and velocity near the boundary
layer, unstructured mesh with triangular pave grid is applied nearly 20,000 cells to
the surface as seen Figure 2.14 and k-w Shear Stress turbulent model is used for the

analysis.

Figure 2.14 : Mesh distribution of the geometry [2].
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In this study, localized force effect created by small jet impingement is reported and
the heat flux non-uniform condition around the cylindrical surface is shown. The
other result is when the food temperetaure initially equals with environment, cooling

zone lie on its upper side. The flux distribution is as Figure 2.15.
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Figure 2.15 : Heat flux condition around the solid [2].
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3. NUMERICAL METHODS AND METHODOLOGY

3.1 Numerical Set Up

3.1.1 Geometry

The geometry of the scheme is shown in Figure 3.1. In the study , the colder jet flow
which is 283 degree Kelvin compared to 293 degree Kelvin bottom temperature
impinging on the bottom surface which has the length of 400 mm by a circular jet. In
other words, the inlet temperature of air in the jet is fixed at 10 degree Celcius, while

the initial temperature of the bottom is 20 degree celcius.

In addition the jet flow is accepted to be two-dimensional, incompressible low
turbulent flow which is almost in transition side. The jet shape is choosen circular
due to get better heat transfer efficiency which has the constant 10 mm diameter and

200 mm height.

Wall
Left

Wall
Right

Figure 3.1 : Basic geometry of the study.
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The two changeble factors in terms of geometry are distance between bottom surface

and lower side of circular jet and the bottom surface inclination as seen Figure 3.2.

The effect of distance on the cooling performance is considered with 10 mm, 50 mm,

100 mm while bottom inclination vary from 0 to 20 degree.

All of the values used for the study can be seen below Table 3.1 and Table 3.2. In
addition to that, our study is primary focused with the convective heat transfer of air
jet impinging, also shown that the conduction and radiation effect is almost little on

heat transfer.

In view of little effect on heat transfer, the effects of conduction and radiation heat

transfer are ignored in our studies.

[

Figure 3.2 : Two of the configurations.

Table 3.1 : The inputs of the configurations.

V (m/s) D (mm) H (mm) L (mm) a (degree)

5&10 10 10 & 50 & 100 200 0&10&20
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Table 3.2 : The configurations in terms of H/D and alpha.

H/D Alpha (degree)
(mm/mm) 0 10 20
1 Done Done Done
5 Done Done Done
10 Done Done Done

Apart from velocity, distance between bottom and jet and inclination effect on the
tempereture distribution & average at the bottom, the obstacle impact is also

investigated with one analysis as Figure 3.3 shows.

33‘:

o)

—
|
[ ]

Figure 3.3 : The basic geometry of the study with blockage.
3.1.2 Boundary conditions

Jet nozzle: Jet nozzle is defined as a velocity inlet, the incompressible air flows under
steady state and uniform condition with various Re numbers (Re=U,, .D/v). The
inlet velocity of jet nozzle is 5 and 10 m/s so the Reynolds Numbers are 3300 and
6600 respectively. Another boundary condition about jet nozzle is inlet temperature
which is 283 K.

Bottom, Right & Left Wall : The walls which are in the flow area are both adiabatic

and has no slip.
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Jet flow outlet: Air jet outlet is defined as a pressure outlet. The environment

pressure is taken as references for the pressure of the air outlet.

Target plate: The target plate is defined as bottom wall. The bottom wall is adiabatic

and has no slip.

Initial condition: At the beginning of the condition (t=0), the initial temperature of
bottom and the other walls are 293 K except air inlet temperature. While time is
ongoing, the jet nozzle is impinged, the temperatures of walls are decreased.

3.2 Methodology

3.2.1 Mesh type

What is meshing in simple words is, meshing divides to solid object into finite
number of points which are interconnected with each other, and perform a complete
solid. Therefore when someone run an analysis, software in the program apply
equations on one point and get solutions. After that consider these results as a initial
conditions to solve equations of next point. This process continue like this method
until get results from the last points. There have been many mesh types created in
reference to condition (shape, area etc.) of mesh object. Some common mesh types
which are also used for this study are introduced in the following section. Basic

example of the 2-D mesh is as Figure 3.4 [19].

node

cell __+e»
center

face

Dcell

2D computational grid

Figure 3.4 : Two dimension grid model [19].
3.2.1.1 Structured grids

Structured grids are defined by regular connectivity. The possible mesh element
selections are hexahedral in 3D and quadrilateral in 2D in a computational

rectangular selection.
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In this study, quadrilateral mesh type is selected as the study is 2D. The model is
high degree of space efficient since the next point relationships are identified by
storage arrangement. It is represented with i, j, k indices. The advantages of
structured mesh method are its comfortably use code, multi mesh and simplicity,
better convergence and higher resolution over the unstructured mesh. Disadvantages
of this mesh type are difficulty of create grids at multi block shapes and long time
necessity for lasting grid domains for complex shape [19].

Quadrilateral: This mesh cell shape is a mainly 4 sided in one solid as it can be seen

in the Figure 3.5. It is the most common cell shape in structured grids.
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Figure 3.5 : Quadrilateral mesh cell shape [19].
3.2.1.2 Unstructured grids

An unstructured grid is defined by irregular connectivity. This grid cannot easily be
mentioned as a two-dimensional or three-dimensional array in computational
memory. This allows for any possible element to use and solve. When it is compared

to structured meshes, unstructured model can be high degree space inefficient since
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the next point relationships are identified by explicite storage arrangement. These
grids are typically applied tetrahedra in 3D and triangles in 2D. It is represented with
node numbers. The advantages of unstructured mesh method are not required long
user time effort, lay out block structure and being very programmed type. It is also
suitable for inexperienced users as it needs small inputs. Disadvantages of this mesh
type are difficulty to find alternarive solutions and larger CPU&memory demand in
the computer [19].

Triangle: This cell shape is mainly 3 sided in one solid as it can be seen in the Figure
3.6. It is one of the basic types of meshes. It is always quick and easy to generate. It

is the most common cell shape in unstructured grids.
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Figure 3.6 : Triangle mesh cell shape [19].

3.2.1.3 Mesh type implementation

There are many geometry combinations available in the study as shown in geometry
chapter. Therefore different mesh types are also used in parallel with geometry. In
the study of no inclination geometry, as the geometry is very easy to generate,
structured mesh model is used at all mesh zones as seen Figure 3.8. Moreover, the
mesh density between the outlet of jet nozzle and bottom wall area is much intenser

than the other areas as the investigation points are in there.
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There are two different number of mesh combination has tried for the solution as
seen Figure 3.7. Due to low difference between 100 and 1000, the lower one is
selected to continue the analysis faster. (Mesh size: 0.5 mm).The fully unstructured
numerical mesh grid occurs about 280,000 quadrilateral cells. (Skewness=1.3e~1°
and y* < 2.5).

Number of Mesh Comparison
294

292
290
288

286

Temperature (K)

284

282
0 0.2 0.4 0.6 0.8 1

Cooling time (s)
—@—h/D_5_Re_6600_inclination_0_100_mesh

—@—h/D_5_Re_6600_inclination_0_k_e_1000_mesh

Figure 3.7 : Number of mesh comparison.

In the study of 10° & 20° inclination geometry, as the geometry is a little bit
complicated to generate over no inclination study, structured and unstructured mesh
model are use. Near the bottom wall side unstructured mesh is used while the other
area is run with structured mesh. In addition to this, the mesh density between the
outlet of jet nozzle and bottom wall area is much intenser than the other areas as the
investigation points are in there just like no inclination study. (Element size: 0.5
mm). The partial unstructured numerical mesh grid occurs about 240,000 cells for

10° inclination as Figure 3.8. (Skewness=0.9 and y* < 5 normally <1.5)

Figure 3.8 : Mesh study for the geometry with no inclination.
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Figure 3.9 : Mesh study for the geometry with 10° inclination.

The partial unstructured numerical mesh grid occurs about 240,000 quadrilateral
cells as Figure 3.9. (Skewness=0.92 and y* < 5)

Figure 3.10 : Mesh study for the geometry with 20°inclination.

There is one more mesh study about geometry to see difference of structured and

unstructured mesh type applied for inclination geometry as shown below Figure 3.10.

Figure 3.11 : Structured and unstructured mesh comparison at inclined area.



The results are expressed that there is no major difference between structured and
unstructured mesh as shown below Figure 3.11.
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Figure 3.12 : Temperature comparison with structured and unstructured mesh type.

There is a mesh size named y,, requirement about SST k-w turbulent model which

is used in one of three turbulent models for our study. Below calculations tells how

to find it from C; to Re correlation from equation 3.1 to 3.5.

Re = (3.1)

m
Uy, = 5? D=0.01mv=15111. 10~° @20 degree Celcius

re 5.001 2300
= 15111, 105
Cf = 0.0576 .Re™1/5 (3.2)

Cf = 0.0576.33007Y/5 = 0.011

Gy =05.p.Uq.C; (3.3)

m kg _
Cf=0.011 U, = 5? p=12 —3 @20 degree Celcius

7, =05.1.2.0.011.5 = 0.17
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p
U - 017 _ 0.38
12

v.y"

Yp = U, (3.5)
yt<3

_ 1,5111. 107°.3 15 10-5
Yo = 0.38 B

As mentioned before, the aim of the mesh size requirement is to capture the near
bottom wall where the temperature and flow gradients were assumed to be highest
flow conditions and increase the grid quality.

3.2.2 Set up

After geometry and suitable mesh selections, it is needed to arrange set up for the

analysis.

In brief, the solution is pressure based and transient. Three of turbulent models are
used for the comparison and there is one of them continued with the solution method.

Boundary conditions are as given geometry section.

The following parts are about used equations & models for the study.

3.2.2.1 Governing equations

Below equations 3.6, 3.7 and 3.8 are three most important equations for the

conservation of anything.
Therefore there are also applicable for the analysis performed.

Conservation of Mass

ap B
StV V=0 (3.6)

Conservation of Energy (heat)
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DvT 0T

—=—+ V- VT 3.7
Dt ot 3.7)
Conservation of Momentum
av 1
—+ (V- -V)V==-V. 3.8
etV MV=oVoo+g (38)
p : air density
P : total pressure
k : thermal conductivity
u : velocity

3.2.2.2 k-¢ Turbulence models

There are 2 equation models used to see how the equations of turbulent kinetic
energy (k) and deformation tensor (¢) are found and the viscosity is shown by taking
k and €. In this model, the deformation tensor equation includes a unit that does not
have any chance to calculated at a wall function. For this reason, wall problems
should be solved by using standart wall function model. In following titles, the
standard and realizable k-¢ models are shown due used them in the study with wall
treatment [20].

Standard k-¢ model

The model is which is has two equations semi-empirical model. The model is called
possibly have the highest robustness, efficiency and most usage area. This turbulent
model can be used and worked when the flow is totally turbulent and closer side of
wall. About the Eddy model, one proposal suggests that turbulence consists of small
eddies that are continuously forming and dissipating, and in which the Reynolds
stresses are assumed to be proportional to mean velocity gradients. This defines an
“eddy viscosity model”. The model of this model is as follows from 3.9 equation to
3.13.

e =p.C, — (3.9)

C,, : experimental constant
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9 ol + 2 okuy = 2 LMy Ok 3.10
3010 + 5 ki) = 20 1u + B 281 4 (3.10)

0% j
0 d 0 W 0s £ g2
5:(Pe) + % (peUy) = % [(n + G—s) a—Xj] tCie 2R—Ce 7o (311
P : Turbulent kinetic energy
P = ;. S? (3.12)
S : Average of strain rate sensor in terms of time
S= [2.5,S, (3.13)

Finally, in order to use Standard k-¢ Model, the constants should be;

Cie = 144
Ce = 1.92
C, = 0.09
o =1
o, = 1.3

Realizable k-& model
The realizable k-¢ Model is different from the standard k-& model in two important

ways:

e The Realizable k-¢ model contains an alternative formulation for the turbulent

Viscosity.

e A modified transport equation for the dissipation rate, € ,has been derived
from an exact equation for the transport of the mean-square vorticity

fluctuation.

The term “realizable” means that the model satisfies certain mathematical constraints
on the Reynolds stresses, consistent with the physics of turbulent flows. The

standard k-¢ Model is not realizable.

The equation of the model is as follows from 3.14 equation to 3.20.
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0 ok + 2 (ki) = 1w+ Py 2K 4 3.14
9 d
g g . 1
at(ps)+ ox, (peU;) (3.15)
T e R W . e
- aXI H 0_£ 6X] 1+ Tk :9¢ 2 - k + m p
C, = max [0.43,—] (3.16)
1 . ’T] +s .
c 1
T * 3.17
A + A, k.SU (3.17)
AO = 4‘.04
A, = V6. cos® (3.19)

Finally, in order to use Realizable k-¢ Model, the constants should be;

C, =19
Ok = 1
o, = 1.2

3.2.2.3 k-® Turbulence models

The K-omega model is one of the most commonly used turbulence models. It is
atwo equation model, that means, it includes two extra transport equations to

represent the turbulent properties of the flow.

This allows a two equation model to account for history effects like convection and
diffusion of turbulent energy. In this model, turbulent kinetic energy (k) and specific
dissipation rate ( w) are found. In following title, the SST k- model are shown due

used them in the study with wall treatment.
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SST k- Turbulence models

The SST k- model includes all the refinements of the BSL k-o model, and in
addition accounts for the transport of the turbulence shear stress in the definition of
the turbulent viscosity. Menter (1994) is the first advised this model based on the
complex of the standard k-o model near the wall to a transformed k-& model away

from the wall. The equation of the model is as follows from 3.20 equation to 3.25.

k 1
WM=P. — —F < 2
@ max[l*,&] (3.20)
a*’a;w
g k) + g k. (3.21)
at(p' ) axl (p' . ul) "
=+ %K L min 10 Bk “ k
= gy [0+ 5D 501+ min(Ro10.p Bk w) = p.Bk.w
g + g u (3.22)
at(p. w) %, (p.w.4y) .
d W . OwW w )
—a—X][(H-Fa)a—Xj]-i-a.E.Pk— p.B.w
1
Ok =
L N 1-F; (3.23)
Ok,1 Ok,2
1
Go =
w Fl + 1_F1 (3.24)
Ow,1 Ow,2
Oxp — Fl.aoo’l + (1—F2).O(oo_2 (325)

Ow, Ok . Prandtl numbers in terms of k and w

Finally, in order to use Realizable k-¢ Model, the constants should be;

op1 = 1.176
Ow,1 = 2
Okz = 1
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Owz = 1.168

0, = 031
Bi,l ES 0075
Bi, = 0.0828

3.2.3 Comparison of turbulent models

For the comparison of turbulent model by using circular jet shape,the design with
parameters of Re = 6,600, D = 10 mm and H/D = 5 are first considered as a
comparison for validation. The bottom wall temperature distribution and the average
temperature of bottom wall as a function of cooling time are numerically simulated
by using three different turbulent models. For the suitable mesh size calculation,

there is a mesh size named y, requirement about SST k-w turbulent model which is

used in one of three turbulent models for the study. After obtaining required
minimum mesh size (y, ) from C; to Re correlation, the value of it is used for all
turbulent models comparison to get under the same conditions. Figure 3.12 helps to
see the turbulent model comparison between numerical results at Re = 6,600 and
H/D = 5. According to the comparative analysis of three different turbulent models, it
can be seen that the turbulent models give almost the same results with respect to
cooling time. Considering results with this perspective, the standart wall function k-

turbulence model is selected as suitable turbulent model for all of the simulations.

Turbulent Models Comparison
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Figure 3.13 : Turbulent model comparison.

29






4. RESULTS AND DISCUSSION

4.1 Overview

As mentioned before, the study is about to investigate the influence of key facts that
effect the cooling performance of jet impingement system in four main subjects to
determine the predominant approach. The jet nozzle flow type which is get from two
different inlet velocity of jet, the distance between the bottom wall and jet nozzle
outlet, bottom wall surface inclination and the blockage on the way of jet flow. Jet
impingement under the transient case, the observation is useful to investigate on air
impinging jets for transient heat transfer characteristics under simulation of between
low of jet nozzle and plate distances and less temperature differences between the jet
nozzle inlet and bottom wall. The related study is carried out with two different
Reynolds number (Re) in the range of 3,000 to 6,000 which are got from two
different jet nozzle inlet velocity 5 and 10 m/s under the same circular diameter of
small jet with 10 mm. The jet flows can be evaluated with turbulent flow according
to Reynold numbers and the solution methods are based on this evaluation. The other
effect that the ratio of the jet nozzle and bottom wall distance (H) and the jet nozzle
diameter (D) which is H/D changes as 1 & 5 &10. In addition to these, the
inclination of bottom surface (o) which is projected to be an important role for the
cooling profile is as no slope & 10° & 20°. Lastly, the circular blockage effect on the

flow is investigated.

There are many simulations run for finding the efficient set up as shown Figure 4.1.
For various combination of the ratio of the distance between jet nozzle and bottom
wall (H) and the constant diameter of jet nozzle (D=10 mm) which is H/D, Reynolds
number (Re) which is affected from the just inlet velocity variation of jet nozzle as
the temperature of the air at jet inlet and the diameter of jet nozzle is constant, the
inclination (o) which inspires us the design of plate and the blockage effect, the
distribution of average bottom wall temperature specify according to cooling time are
seen in Figure 4.1.
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Figure 4.1 : Average bottom temperature for all simulations.



There are many simulations run for finding the efficient set up as shown Figure 4.1.
For various combination of the ratio of the distance between jet nozzle and bottom
wall (H) and the constant diameter of jet nozzle (D=10 mm) which is H/D, Reynolds
number (Re) which is affected from the just inlet velocity variation of jet nozzle as
the temperature of the air at jet inlet and the diameter of jet nozzle is constant, the
inclination (o) which inspires us the design of plate and the blockage effect, the
distribution of average bottom wall temperature specify according to cooling time are
seen in Figure 4.1. As seen from the Figure 4.1, total cooling time is accepted 6
seconds for all simulations since it is enough time to see the effect for air according
to below calculations. In other words, we can have a chance to see the effect of air on
the bottom wall temperature easily because the observation time for 5 m/s inlet
velocity set up is 150 times longer than the total time air passes through the jet
nozzle. In parallel with 5 m/s, investigation time for 10 m/s is 300 times longer than
the time air passes through the jet nozzle. As a result of this in worst case the time is
sufficient to evaluate and see the conditions of air flow. To find how long the air

takes to pass from the beginning of the jet nozzle to end as equation 4.1
L =200 mm

V=5 & 10 m/s
X=V.t (4.1)

200.1073=5.¢t;
t, =0,04s

200.1073=10. t,
t, =0,02s

In the study, the temperatures are taken close to each other to observe temperature
behaviour under small temperature differences. It is taken that the initial temperature
of jet inlet is 283 degree K while the bottom wall temperature is 293 degree K. From
the cooling profile in the Figure, the average bottom wall temperature drops quickly

to in the range of 284-286 degree K nearly for all simulations.

The first quick cooling time takes almost two & three times shorter than the time

which the temperature in the every study is getting steady condition.
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The reason of this time difference can be explained as the more temperature
differences, the shorter time the beginning temperature balanced. And in addition to
that, while the cooling time range is the same, the rate of temperature decrease
continually drops with time of 0.5 seconds and after this second, the temperatures are

getting steady as the heat transfer between jet and bottom wall is in balanced.

4.2 Reynolds Number Effect on Average Bottom Temperature

The simulation results for different Reynolds number when no inclination and
various H/D ratio conditions, the temperature situation is as Figure 4.2, Figure 4.3

and Figure 4.4.

As seen all below figures, when the velocity of nozzle inlet is higher which means
Reynolds number of it is higher, the cooling time is shorter and the balanced
temperature is lower. From Figurel which is shown lower H/D ratio, the cooled
temperature can be said almost the same while the cooling profile difference is

apperant in the simulation with higher H/D ratio.

Furthermore, it is certain that with the increase of H/D ratio, thermic neutrality
temperature of the bottom is getting higher as the effect of jet flow influence on the
bottom temperature is is decreased due to high distance between bottom wall and jet
nozzle. To give an example, the equilibrium bottom wall temperature of Figure 4.2 is

about 284°K whereas Figure 4.4 which is higher H/D ratio is nearly 286°K.

Reynolds Number Effect
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Figure 4.2 : Cooling profile and time comparison at low H/D ratio and no
inclination.
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Figure 4.3 : Cooling profile and time comparison at medium H/D ratio and no
inclination.
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Figure 4.4 : Cooling profile and time comparison at high H/D ratio and no
inclination.

The below figures are about different Reynolds number when 10° inclination and

various H/D ratio conditions, the temperature situation is as Figure 4.5, Figure 4.6
and Figure 4.7.

As seen the figures, the same situation is observed for 10° inclination looking no

inclination. The cooling time is longer and the balanced temperature is higher if the
Reynolds number is smaller . And the finding the balancing temperature takes longer
time than no inclination condition.
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From Figure 4.5 with lower H/D ratio, the balanced temperatures are nearly the
same.

Moreover, the balanced temperatures are getting lower when H/D ratio is smaller.

To give an example, the equilibrium bottom wall temperature of Figure 4.5 is about

284°K whereas Figure 4.7 which is higher H/D ratio is nearly 286°K.

Reynolds Number Effect

294

293
— 292
291
290
289
288
287
286
285

284 C O o——0
283

0 0.2 0.4 0.6 0.8 1

Temperature (K

Cooling Time (s)

—@—h/D_1_Re_3300_inclination_10 —®—h/D_1_Re_6600_inclination_10

Figure 4.5 : Cooling profile and time comparison at low H/D ratio and 10°
inclination.
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Figure 4.6 : Cooling profile and time comparison at medium H/D ratio and 10°
inclination.
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Figure 4.7 : Cooling profile and time comparison at high H/D ratio and 10°
inclination.

These are related different Reynolds number when 20° inclination and various H/D
ratio conditions, the temperature conditions are as Figure 4.8, Figure 4.9 and Figure
4.10. From the figures, the results are the same as no and 10° inclination. The
cooling time and the balanced temperature are inversely proportional of Reynolds

number magnitude. In addition, getting balancing temperature takes longer time than

no and 10° inclination condition.

In addition to this, the values of balanced temperatures are directly proportional of
H/D ratio. For example, the equilibrium bottom wall temperature of Figure 4.8 is

about 284°K whereas Figure 4.10 where is higher H/D ratio is nearly 286°K.
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Figure 4.8 : Cooling profile and time comparison at low H/D ratio and 20°
inclination.
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Figure 4.9 : Cooling profile and time comparison at medium H/D ratio and 20°
inclination.
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Figure 4.10 : Cooling profile and time comparison at high H/D ratio and 20°
inclination.

4.3 H/D Ratio Effect on Average Bottom Temperature

The simulation results for different H/D ratio when constant Reynolds number of

3300 and various inclinations, the temperatures are like Figure 4.11, Figure 4.12 and
Figure 4.13.

As seen all below figures, when distance between bottom wall and jet nozzle (H)
become higher which means H/D ratio of it is higher, the cooling time is longer and
the balanced temperature is lower.
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Furthermore it is obvious that with the increase of inclination, thermic neutrality
temperature of the bottom is getting a little bit higher than the other inclination study

since the effect of jet flow on the bottom temperature is decreased due to nonuniform
flow distribution.

To give an example, the equilibrium bottom wall temperature of Figure 4.11 for H/D

ratio 1 is about 284°K whereas figure 4.13 which is higher inclination is a little bit
more than 284°K.
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Figure 4.11 : Cooling profile and time comparison at low Reynolds number and
0° inclination.
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Figure 4.12 : Cooling profile and time comparison at low Reynolds number and
10° inclination.
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Figure 4.13 : Cooling profile and time comparison at low Reynolds number and
20° inclination.

The below figures are about different H/D ratio when Reynolds number of 6600 and
various inclinations, the temperature situation is as Figure 4.14, Figure 4.15 and
Figure 4.16. As seen the figures, the same situation is observed for 10° inclination
looking no inclination. The cooling time is shorter and the balanced temperature is
lower if the H/D ratio is smaller. Moreover, the irregular flow due to inclination
causes higher balanced temperature. For example, the equilibrium bottom wall
temperature of Figure 4.14 for H/D ratio 10 is a little bit lower than 286°K whereas
Figure 4.16 which is higher inclination is about 286°K.

H/D Ratio Effect

Temperature (K)
%
[0¢]

284

0 0.2 0.4 0.6 0.8 1
Cooling Time (s)

—@—h/D_10_Re_6600_inclination_0 —@—h/D_5_Re_6600_inclination_0
h/D_1_Re_6600_inclination_0
Figure 4.14 : Cooling profile and time comparison at high Reynolds number
and 0° inclination.
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Figure 4.15 : Cooling profile and time comparison at high Reynolds number
and 10° inclination.
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Figure 4.16 : Cooling profile and time comparison at high Reynolds number
and 20° inclination.

4.4 Inclination Effect on Average Bottom Temperature

The simulation results for different inclinations when constant Reynolds number of
3300 and various H/D ratio, the obtained temperatures are just like Figure 4.17,
Figure 4.18 and Figure 4.19. As seen all below figures, when inclination of bottom
wall temperature is getting higher which means a of it is higher, the cooling time is

longer and the balanced temperature is higher.
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Figure 4.17 : Cooling profile and time comparison at low Reynolds number and
H/D ratio.
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Figure 4.18 : Cooling profile and time comparison at low Reynolds number and
medium H/D ratio.
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Figure 4.19 : Cooling profile and time comparison at low Reynolds number and
high H/D ratio.

These are related different inclinations when Reynolds number with 6600 and varied

H/D ratio, the temperature conditions are as Figure 4.20, Figure 4.21 and Figure
4.22.

From the figures, the results are in parallel with Reynolds number with 3300. The
cooling time and the balanced temperature are directly proportional of inclination

value. And getting balancing temperature with higher H/D takes longer time than the
lower H/D results.
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Figure 4.20 : Cooling profile and time comparison at high Reynolds number
and low H/D ratio.
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Figure 4.21 : Cooling profile and time comparison at high Reynolds number
and medium H/D ratio.
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Figure 4.22 : Cooling profile and time comparison at high Reynolds number
and H/D ratio.
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Furthermore it is very clear that with the increase of Reynolds number, thermic
neutrality temperature of the bottom is getting a little bit lower since the effect of
heat transfer on the bottom temperature is increased due to higher velocity. To give
an example, the equilibrium bottom wall temperature of Figure 4.18 for Reynolds
number 3300 is about 285°K whereas Figure 4.21 which is higher Reynolds number
is almost 284°K.

Finally, as it can be understood from all of the inclination effect comparison figures,
when the inclination (o) is low, the final temperatures of the bottom wall is also low.
To analyse why it is like this, the below study which compares ended temperatures

of the location of points at the bottom wall is happened.

The results tell us the temperatures at the negative side are higher than the positive
side due to pressure effect. The total pressure is lower at positive side due to
geometry according to Figure 4.24. Therefore the flow prefers to pass to low pressure
area the flow distribution and is getting non uniform and causes different temperature
distribution as seen below Figure 4.23.

On the other hand the cooling profile is similar in everywehere when no inclination

is occurred since the pressure distribution is uniform as shown Figure 4.25.

The reason of temperature difference between inclination complexity can be
explained clearly with this study.
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Figure 4.23 : Average temperature of locations of bottom wall at high H/D ratio
and 20° inclination.
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Figure 4.24 : Pressure distribution of the 20° inclination.
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Figure 4.25 : Pressure distribution of the no inclination.
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4.5 Blockage Effect on Average Bottom Temperature

The Figure 4.24 is relevant with blockage effect on the bottom temperatures when
under no inclination, H/D ratio with 5 and Reynolds number of 3300 conditions, the
temperature conditions. From the Figure 4.25, putting a blockage to on the way of
flow makes contribution to cools the bottom wall temperature more while the cooling
period of it is more slowly in early seconds. In brief, if the quick cooling is desired,
blockage is not a good idea. However, in contrast with it, if the colder temperature is

desired indepedently of time, blockage should be used.

ExEn

Figure 4.26 : The geometry with blockage.
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Figure 4.27 : Cooling profile and time comparison in terms of blockage.
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To sum up with using all simulations, as shown in Figure 4.26, with the conditions of
more H/D ratio and inclination, the less the Re, the longer the quenching time and
higher final temperature. Blockage effect is estimated to pull the temperatures down
by using previous Figure. Therefore, minimum H/D ratio, inclination, maximum inlet

velocity with the blockage can be said the best configuration.

The Best & Worst Configuration
294
292 |
290
288

286

Temperature (K)

284

282
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Cooling time (s)

—@—h/D_1_Re_6600_inclination_0 h/D_10_Re 3300 inclination_20

Figure 4.28 : The best and worst design comparison with regard to cooling
profile and time.
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5. CONCLUSION

In this study, to examine the transient heat transfer characteristics of air impinging
jets under conditions of between small jet plate distances and low temperature
differences between the inlet and bottom wall of sizes with 400 mm were achieved
numerical methods.The inlet velocity of jet nozzle with different Reynolds number
(Re), the ratio of the distance between outlet of circular jet and the bottom wall (H)
and nozzle diameter (D) (H/D), bottom surface inclination and the blockage are
variable inputs to get the efficient cooling profile. For this cause, variations of
transient temperature characteristics of the bottom wall surface depending on cooling

times were observed in depth.

It is concluded that all of the inputs which are observed have significant effect on the
temperature of the bottom wall surface. The effects are mentioned in the following
sections. When investigated Reynolds effect on the average bottom temperature, the
average temperatures are getting lower as the Reynolds number is increased by rising
velocity of inlet jet nozzle. The cooling time becomes shorter due to this reason as
well. As is known, the velocity increase causes Nusselt number raise and the heat
transfer performance is improved thanks to velocity directly. The studies verify this

estimation correctly.

The study shows that the H/D ratio effect on the average bottom temperature is that
lower the H/D ratio, the less the temperatures and the shorter cooling time since the
flow effect response is higher. The other parameter observed with the study for the
average bottom temperature is inclination of bottom. The study express that the
inclination has affected negatively both cooling profile and time. Because, the
nonuniform flow characteristic which is getting out from the jet nozzle becomes

more if the inclination of bottom surface is getting increased.

The final monitor is putting blockage on the flow line. It is found that the blockage
has significant effect to reduce average bottom temperature while the cooling time is
increased. The reason of it is the first cooling effect of the flow on the bottom is

getting lower whereas the heat transfer distribution is getting more uniform.
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In conclusion, if the aim is reduce the average temperature of the surface, plater or
something else, the jet nozzle should be closer to the surface with no inclination
which is desired to cool and the air needs higher velocity. In addition to that, using

blockage is evaluable option if the design allows to place it.
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